Differences in the Kinetics, Amplitude, and Localization of ERK Activation in Anergy and Priming Revealed at the Level of Individual Primary T Cells by Laser Scanning Cytometry 1
P eripheral tolerance is a state of Ag-specific hyporesponsiveness induced by exposure of T cells to Ag under suboptimal activating conditions (1) . Once it is induced, it can suppress many aspects of the Ag-specific immune response to subsequent challenge, including lymphocyte proliferation, cytokine production, in vivo delayed-type hypersensitivity, and Ab production (2) . However, the molecular mechanisms underlying this phenomenon remain unclear (3, 4) .
T lymphocyte activation requires at least two signals generated from the APC: the first is specific recognition of peptide-MHC by the TCR (signal 1), and the second is costimulation provided by molecules such as CD80/CD86 on the APC interacting with CD28 on the T cell (signal 2) (5). It is well established that TCR ligation in the absence of costimulation induces long-lasting unresponsiveness (anergy) in T cells (6, 7) . Several methods have been used to induce anergy in vitro (8 -10) , including exposure to immobilized anti-CD3 in the absence of costimulatory signals (11, 12) . Under these conditions restimulation with immunogenic Ag leads to a profound decrease in IL-2 production and, hence, proliferation. In T cells, anergy reflects defective activation of transcription factors, such as c-Jun/c-Fos, that are involved in formation of the AP-1 complex, which is required for inducing transcription of the IL-2 gene (13) (14) (15) (16) (17) (18) (19) . In turn, this appears to be determined by the differential recruitment of the signaling cascades mediated by ERK, JNK, and p38 MAPK (13, 15, 16) .
To date, studies investigating the activation state of the various MAPK signaling cascades in anergy have been limited to T cell clones in vitro, essentially because of the limitations imposed by the large number of cells required for conventional biochemical methodology (20) . However, these studies may not be representative of primary T cells. Indeed, the ability to track Ag-specific T cells (21) (22) (23) and signal transduction events in vivo has shown that conclusions based on in vitro studies may not reflect what occurs under physiological conditions (24) . In this study we have addressed these issues by developing a laser-scanning cytometry (LSC) 3 method that can quantify signaling events in individual Ag-specific T cells within heterogeneous cell populations. Using this approach we have investigated whether activation patterns and cellular distribution of the ERK differed among anergized, naive, and primed primary T cells upon challenge with Ag loaded APC in vitro.
Materials and Methods

Mice
D011.10 TCR transgenic (Tg) mice on a BALB/c background were used (25) . These Tg T cells recognize OVA [323] [324] [325] [326] [327] [328] [329] [330] [331] [332] [333] [334] [335] [336] [337] [338] [339] and are detectable using the KJ1-26 clonotypic Ab (26) . All animals were specified pathogen free and were maintained under standard animal house conditions in accordance with Home Office regulations.
L-glutamine, 100 U/ml penicillin, 100 U/ml streptomycin, and 0.05 mM 2-ME; all from Invitrogen Life Technologies, Paisley, U.K.) with 1 g/ml immobilized anti-CD3 (clone 145-2C11) for 48 h in the presence or the absence of 1 g/ml anti-CD28 (clone 37.51; BD Pharmingen, Oxford, U.K.). After 48 h, cells were washed twice with RPMI 1640, replated, and rested in complete medium for an additional 48 h (11, 12) . The viable Tg T cells were then counted by trypan blue exclusion and restimulated by culture with LPS-matured (see below), peptide (OVA 323-339 )-loaded dendritic cells (DC) at a ratio of 1:1 (10 5 T cells and 10 5 DC in 400 l of medium/chamber) in four-well chamber slides (SLS, Nottingham, U.K.). The DC were bone marrow derived (27) and grown in DC medium (5% GM-CSF, RPMI 1640, 10% FCS, 2 mM L-glutamine, 100 U/ml penicillin, 100 U/ml streptomycin, and 0.05 mM 2-ME) for 9 days before maturation with 1 g/ml LPS (Salmonella abortus; Sigma-Aldrich, Poole, U.K.) for 24 h. OVA peptide 323-339 (1 g/ml; Genosys; Sigma-Aldrich) was added to the matured DC for 3-4 h, which were then washed extensively before use.
After restimulation, the cells were fixed in PBS containing 1% paraformaldehyde before staining. To study cell cycle progression and cellular localization of ERK, cytospins were prepared by cytocentrifuging cells onto microscope slides at 600 rpm for 4 min using a Cytospin 3 centrifuge (Thermo Shandon, Runcorn, U.K.), then fixed in 4% formaldehyde in PBS for 15 min on ice.
Flow cytometry
Aliquots of cells (10 6 /ml) were incubated with FcR blocking buffer (anti-CD16/32, clone 4.G-2, hybridoma supernatant, 10% mouse serum, and 0.1% sodium azide) for 10 min at 4°C. Cells were then incubated with CD4-PerCP, CD69-PE, and biotinylated anti-TCR Ab, KJ1-26, for 40 min at 4°C; washed in FACS buffer (PBS, 2% FCS, and 0.05% sodium azide); and then incubated with FITC-conjugated streptavidin (Vector Laboratories, Burlingame, CA) for 30 min at 4°C. Cells were washed again in FACS buffer and resuspended in FACS flow for analysis with a FACScan and CellQuest software (BD Pharmingen). Three-color analysis was performed on 20,000 events.
Proliferation assays and cytokine production
Anergized (anti-CD3 only), activated (anti-CD3 and anti-CD28), and naive (freshly isolated) primary T cells (10 5 cells/well) were cultured with LPSmatured, peptide-loaded DC for 48 h, pulsed with 1 Ci/well [ 3 H]thymidine (Western Infirmary, Glasgow, U.K.), and harvested after an additional 16 h. Where indicated, 10 ng/ml rIL-2 (gift from Dr. D. Xu, Western Infirmary) was added at the beginning of the proliferation assay. The amount of IL-2 in culture supernatants was measured, after 20-h restimulation, by ELISA using a rat anti-mouse IL-2 capture Ab, biotinylated rat anti-mouse detection Ab (BD Pharmingen), and streptavidin peroxidase (Sigma-Aldrich). The ELISA standard curve was generated using recombinant murine IL-2 as a standard (R&D Systems, Minneapolis, MN).
Western blotting
Anergized, activated, and naive T cells (10 6 ) were harvested and lysed in lysis buffer (50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 2% (v/v) Nonidet P-40, 0.25% (w/v) sodium deoxycholate, 1 mM EDTA (pH 8.0), 1 mM PMSF, 10 mM sodium orthovanadate, 10 g/ml chymostatin, 10 g/ml leupeptin, 10 g/ml antipain, and 10 g/ml pepstatin A; Sigma-Aldrich) for 20 min on ice. The cellular debris was removed by centrifugation at 12,000 rpm for 10 min at 4°C, and the protein concentration of the soluble fraction was determined using the Micro BCA protein assay reagent kit (Pierce, Rockford, IL). Samples (75 g) were mixed with an equal volume of 2ϫ SDS-PAGE gel loading buffer (20% (v/v) glycerol, 4% (w/v) SDS, 100 mM Tris-HCl (pH 6.8), 2 g/ml bromophenol blue, and 5% (w/v) 2-ME), boiled, and separated on 10% SDS-PAGE gel (Bio-Rad, Hercules, CA). Proteins were then transferred onto nitrocellulose membranes (Amersham International, Little Chalfont, U.K.), and nonspecific binding sites were blocked with TBS (2 M NaCl, 20 mM Tris-HCl (pH 7.5), and 0.1% Tween 20) containing 5% nonfat dry milk. Immunodetection was accomplished by incubating the membranes first with primary Abs that recognize total or active ERK1 and ERK2 (either rabbit anti-p44/42 MAPK or rabbit anti-dually phosphorylated p44/42 MAPK; Cell Signaling Technology, New England Biolabs, Beverly, MA) and then with an anti-rabbit IgG HRP-conjugated secondary Ab (1/2000; Cell Signaling Technology) diluted in TBS/5% nonfat dry milk. The immunocomplexes were detected using chemiluminescence (ECL, Amersham International).
Intracellular staining of cells
Cells were attached to microscope slides or cultured in chamber slides, fixed, washed in PBS, and placed in 1% blocking reagent (Molecular Probes, Eugene, OR) for 30 min. All Abs were diluted in 1% blocking reagent, and washing steps were conducted three times in TNT buffer (0.15 M NaCl, 0.1 M Tris-HCl (pH 7.5), and 0.05% Tween 20) unless otherwise stated.
Cells were incubated with biotinylated anti-KJ1.26 for 30 min, washed, and then incubated with streptavidin-HRP for 30 min. After washing, the cells were treated with biotinylated-tyramide (TSA biotin system; PerkinElmer Life Sciences, Boston, MA) for 10 min, washed, and then incubated with streptavidin-Alexa Fluor 647 (all Alexa Fluor dyes were purchased from Molecular Probes) for 30 min. Excess HRP was quenched using 0.1% sodium azide/3% hydrogen peroxide in PBS for 10 min, and this quenching step was repeated three times.
Cells were permeabilized for 5 min in permeabilization buffer (2% FCS, 2 mM EDTA (pH 8.0), and 0.1% saponin) and incubated for 15 min in 1% blocking reagent. Saponin (final concentration, 0.1%) was added to all Ab staining stages when detecting intracellular proteins. Cells were incubated with anti-phospho-p44/42 or anti-p44/42 MAPK for 30 min, washed, and then treated with anti-rabbit IgG HRP conjugate (Molecular Probes). Finally, Alexa Fluor 488 tyramide was added for 10 min, washed, and mounted in Vectashield with 4Ј,6-diamido-2-phenylindole hydrochloride (DAPI; Vector Laboratories). Biotinylated rat anti-mouse IgG2a (BD Pharmingen) and rabbit anti-Ig (Sigma-Aldrich) served as isotype-negative controls for biotinylated KJ1-26 and p44/42 MAPK, respectively.
Immunofluorescence microscopy and LSC
Fluorescence of individual cells was measured using LSC (Compucyte, Cambridge, MA). Briefly, Alexa Fluor-488 (absorbance, 495 nm; emission, 519 nm) was excited using the argon ion laser and was measured using filter cube D 530/30 nm. Alexa Fluor-647 (absorbance, 650 nm; emission, 665 nm) was excited using the He-Ne laser and was measured using filter cube H1 650/LPCy5 nm. DAPI (absorbance, 359 nm; emission, 461 nm) was excited using the UV laser. Photomultiplier tube values were adjusted at the start of each batch of experiments to optimize fluorescence excitation (28, 29) .
When analyzing chamber slides/cytospins, the primary contouring parameter was set on the nuclear localization of the DNA dye, DAPI, to detect all of the cellular events within the population. Detector gain voltages (photomultiplier tubes) were set at the maximum of 75% saturation for optimizing the pixel event for each fluorophore. Using the LSC scan data display, the threshold contour was placed around the nucleus, and the integration contour was located 11 pixels (1 pixel ϭ 0.5 m (x-axis) ϫ 0.25 m (y-axis) for ϫ40 objective) outside the threshold contour, which approximately defined the edge of the cell. This integration contour allowed us to calculate the total fluorescence within each cell (fluorescence integral value). Additionally, peripheral contours were set to measure fluorescence within various regions of the cell, specified using inner and outer boundaries 12 pixels wide. Background fluorescence was measured outside the cell and automatically subtracted from the measured fluorescence values. For analysis purposes the positive gate was positioned according to the fluorescence obtained using appropriate negative/isotype controls. LSC data analysis was conducted using Wincyte version 3.6 (Compucyte).
Fluorescence images were taken using a connected 3CCD color vision camera (regulated by a Hamamatsu and Orbit controller) and the Openlab version 3.0.9 digital imaging program (Improvision, Warwick, U.K.).
Results
Induction of anergy and priming in primary T cells
T cell anergy was induced in primary OVA-specific D011.10 T cells by TCR engagement without appropriate costimulation as described previously (11, 12) . The T cells were cultured for 48 h on plate-bound anti-CD3 with or without costimulation via anti-CD28. These cells were then washed and rested for an additional 2 days in fresh medium before being restimulated with LPS-matured DC with or without OVA peptide [323] [324] [325] [326] [327] [328] [329] [330] [331] [332] [333] [334] [335] [336] [337] [338] [339] (Fig. 1A) .
Freshly isolated D011.10 T cells (naive T cells) proliferated well in response to challenge with peptide-loaded DC, and this response was significantly higher when T cells precultured with anti-CD3 and anti-CD28 (primed T cells) were used (Fig. 1B) . These responses were significantly lower when T cells precultured with anti-CD3 were used (anergic T cells), confirming the induction of anergy. This decrease in proliferation was partly rescued by the addition of exogenous rIL-2, as it increased the proliferation of anergic T cells to levels equal to or greater than those reached by primed or naive T cells stimulated with Ag in the absence of exogenous rIL-2.
As expected, restimulated anergic T cells also showed a defect in IL-2 production upon restimulation compared with that found with naive and primed D011.10 T cell populations (Fig. 1C) . Importantly, the defects in IL-2 production and proliferation were not due to the failure of the anergic T cells to recognize Ag after restimulation, because they increased expression of the early activation marker CD69 to the same extent as primed T cells (Fig.  1D) . Together, these findings indicate that the different in vitro primary culture regimens induce T cell priming or anergy.
Cell cycle progression after restimulation with Ag
Ag-specific unresponsiveness at the level of individual T cells can involve either apoptotic cell death or anergy, in which cells survive, but show cell cycle arrest at the G 1 -S transition (30) (Fig. 2A) . Moreover, the application of this technology allowed us to examine whether differences in ERK-MAPK signaling were associated with cell cycle progression in the different T cell populations, as suggested previously (34 -37) . Therefore, we analyzed the activation status of ERK-MAPK at each stage of the cell cycle.
As productive stimulation has been reported to induce naive primary T cells to enter the cell cycle within 12 h (35), cell populations were analyzed 20 h after challenge with Ag to assess S phase transition. An example of this kind of analysis is shown in Fig. 2A , which demonstrates the ability of the LSC to detect all stages of the cell cycle. As expected, the primed T cell population displayed a greater percentage of mitotic and newly formed daughter cells compared with either naive or tolerized T cells, whereas progression into S phase within the anergic population was reduced compared with the naive and primed groups (Fig. 2B) . In addition, a substantial proportion of anergic T cells were apoptotic, as shown by LSC (Fig. 2B) and TUNEL (data not shown). Apoptotic cells were relatively rare in the primed or naive populations. By using the LSC to assess the amount of pERK in individual T cells within the various regions of the cell cycle plot, we were also able to show that an increase in pERK expression correlates with cell cycle progression upon activation of primed T cells with higher levels in G 2 /M and S phase and new daughter cells (Table I) .
Anergic T cells display reduced activation of ERK-MAPK
Previous studies have identified uncoupling of the ERK-MAPK pathway as a key mechanism that leads to Ag-specific unresponsiveness in anergic T cells (13) (14) (15) (16) (17) (18) . However, most these studies have been conducted using T cell clones and hence may not be representative of the situation in normal T cells. Therefore, we used LSC to assess the expression of pERK in individual anergic Ag-specific CD4 ϩ T cells and validated the results by conventional biochemical means of assessing T cell signaling.
Standard Western blotting techniques showed that the amount of pERK1/2 was higher in all groups of T cells restimulated with peptide-loaded DC compared with unpulsed DC (Fig. 3) . However, the levels of activated ERK were reproducibly lower in anergic T cells than in either the primed or naive T cell populations.
To establish whether LSC was capable of detecting these differences in the activation of ERK in primary T cells at the singlecell level, we developed a method to analyze the phosphorylation state of signaling molecules using chamber slides and three-color immunofluorescence, initially comparing the amount of ERK phosphorylation in primed T cells in the presence or the absence of Ag. Cells were identified by nuclear staining with the DNA dye DAPI (Fig. 4A) . Those cells (mixture of APC and T cells) positive for the transgenic TCR were then identified by staining with the clonotypic Ab (KJ1-26; Fig. 4B ), and the expression of activated ERK within these cells was determined with an Ab specific for pERK (Fig. 4C) . Merging of these images (Fig. 4D ) allowed assessment of pERK in Ag-specific T cells. This showed that all the KJ1-26 ϩ T cells restimulated with Ag-loaded APC were also pERK ϩ , whereas KJ1-26 ϩ T cells exposed to APC alone showed little or no pERK staining (Fig. 4, D vs E) . When anergized T cells were examined (Fig. 4F) , a far lower proportion of TCR Tg T cells expressed pERK upon restimulation, and those few cells that did express pERK appeared to do so at a lower level (Fig. 4, D vs F) . LSC was then used to quantify these apparent differences in pERK expression. In agreement with the Western blot analysis, ERK activation was elevated in all samples challenged with Ag (Fig. 5A) , although the phosphorylation of ERK in primed T cells was more rapid than in the naive T cell population, peaking at 30 min in the former and at 60 min in the latter (data not shown). Although the analysis shown demonstrates similar levels of pERK in naive and primed T cells, kinetic studies revealed that this was always lower in the anergic population than in either naive or primed T cells. However, further analysis revealed that not only was the overall level of pERK lower in the anergic T cell population (Fig. 5A ), but the proportion of Ag-stimulated cells expressing pERK in this group was lower than in all other groups (Fig. 5B) . Moreover, those anergized T cells that expressed pERK did so at a lower level than the other groups (Fig. 5C ). 
Intracellular localization of pERK expression
LSC also has the capacity to quantify fluorescence changes within intracellular compartments within an individual cell, thus permitting localization of signaling molecules within T cells. The pERK appeared to be localized mainly at the periphery of primed T cells stimulated with Ag, whereas it was distributed more diffusely throughout the cell in those anergized T cells that expressed low levels of pERK (Fig. 6, A and B, i-iii) . When the levels of pERK in the periphery of cells were quantified using the gating and peripheral contouring facilities on the LSC, 1 h after challenge with Ag, primed T cells contained more pERK than anergic T cells (Fig.  6C) . Furthermore, the primed T cells displayed an accumulation of pERK in the periphery of the cells, which was not apparent in anergic T cells (Fig. 6Cii) .
Discussion
It has been widely proposed that both qualitative and quantitative differences in T cell signaling may underlie the differential functional outcomes of immunological tolerance and priming (38, 39) . However, much of the work to date has relied upon biochemical assessment of signaling in T cell lines or clones at the population level following polyclonal stimulation in vitro, and this has yielded conflicting results. In this study, for the first time, we have compared the signaling events underlying Ag-specific responses in individual primary T cells and have demonstrated marked differences in the kinetics, amplitude, and localization of the MAPK-pERK pathway in priming and anergy. T cells that have been tolerized or primed in vitro display different functional processes as a result of the signaling events that occur during the initial and subsequent encounters with Ag. Upon secondary challenge with Ag, productively primed T cells show a characteristic pattern of signaling events in vitro that are necessary for the transcription of the IL-2 gene and subsequent clonal expansion of these T cells. In contrast, anergized T cell lines/clones display defective proliferation and an inability to produce IL-2 upon challenge (40, 41) . We have confirmed and extended these earlier findings by showing a decrease in Ag-specific proliferation and IL-2 production in primary Ag-specific T cells that had been tolerized by preculture with anti-CD3 in the absence of costimulation. In contrast, restimulated anergized T cells produced identical levels of IFN-␥ (data not shown) and up-regulated CD69 to the same extent as T cells that had been primed with anti-CD3 and anti-CD28. These results confirm previous reports (30) and show that that the defects in proliferation and IL-2 production were not the result of a failure of Ag recognition by anergized T cells. In contrast to other in vitro work (30) , the secondary response of our anergized T cells was only partly restored by exogenous IL-2, although it was restored to levels similar to those in primed cells responding to Ag. However, similar findings have been reported by others (38, 39, 42) , and it seems that different forms of anergy may show differential sensitivity to IL-2-mediated reversal of tolerance. These include clonal anergy due to lack of CD28 costimulation and cell cycle arrest anergy induced by CTLA-4 signaling. Moreover, there is evidence for induction of multiple forms of anergy (43) resulting from lack of CD28 costimulation, in which the progression to S phase is mediated via both IL-2-dependent and -independent pathways (44, 45) .
Although the precise molecular mechanisms underlying the induction and maintenance of anergy in vitro have not been defined, it has been associated with defective coupling of the TCR to early signaling events, such as the activation of ZAP-70, ERK, and JNK (38, 39) . In addition, there may be up-regulation of inhibitory factors, such as the GTPase, Rap-1 (which may act to disrupt the Ras-ERK-MAPK pathway), and the cell cycle (cyclin-dependent kinase) inhibitor, p27 kip1 . Interestingly, up-regulation of p27 kip1 is associated with both IL-2-dependent and -independent forms of anergy (42) . In all cases, these mechanisms appear to lead to G 1 -S cell cycle arrest and increased apoptosis in anergized cells.
Previous studies have identified a role for ERK-MAPK in regulating cell cycle arrest within anergic cells, and this may reflect its ability to down-regulate p27 kip1 (34 -36, 46, 47) . Moreover, we have recently shown that periodic cycling ERK activation is associated with the progression of lymphocytes through all stages of the cell cycle and that inhibition of this sustained, but cycling, ERK activation resulted in apoptosis (37) . Consistent with this, our present studies, using both conventional biochemical techniques and quantitative single-cell analysis by LSC, show that although ERK activation was elevated in all populations of T cells challenged with Ag, it was always lower in the anergic population. Analysis at the single-cell level revealed that the proportion of Ag-stimulated cells expressing pERK was also lower in the anergic relative to the primed groups, and the few anergized T cells that expressed pERK did so at a lower level than primed cells. These findings were consistent with the fact that primed, but not anergic, Ag-specific T cells progressed through the cell cycle and that such progression correlated with increasing levels of pERK. In contrast, the anergic T cells displayed a greater propensity to apoptose upon challenge.
Quantitation by LSC showed that the majority of the pERK signal appeared to be localized at the periphery of restimulated primed T cells, possibly in association with TCR. In contrast, pERK was distributed more diffusely throughout those anergized T cells that expressed lower levels of pERK. These results were somewhat surprising, because we had hypothesized that restimulation of primed cells would induce pERK to translocate to the nucleus to activate the transcription factors (48) required for IL-2 induction and believed that this process might be defective in anergic T cells. Rather, it appears that after priming, pERK may associate with cytoskeletal-and/or membrane-associated scaffolds, such as lipid rafts, containing TCR and other components of the proximal signaling cascade. Thus, these structures, or the association of pERK with them, may be defective in anergized T cells. In this respect there is increasing evidence that the cytoskeleton plays important roles, not only in organization of the immunological synapse (49) , but also in signal transduction (50) by its ability to recruit signaling elements to adapter molecules in the synapse. Actin scaffolds have also been postulated to promote TCR signaling by preventing degradation of signaling elements (38, 51) and by directing lipid raft trafficking to the synapse (38) . Although the precise molecular details are not clear, the recent finding that ERK-MAPK is an intermediate signal in the Vav/Rac2-mediated pathway (52), leading to nucleation of actin filaments and cytoskeleton remodeling at the immunological synapse (53), may provide a molecular rationale for our results.
